tracheal and bronchial epithelia; cell culture models THE AIRWAY EPITHELIUM LINES the luminal surface of an arrayed system of cylinders with fractal geometry designed to conduct gases from the environment into the alveoli. This epithelium is complex both in cell type and function. Cell types include ciliated and nonciliated columnar cells, secretory cells, and basal cells, although this nomenclature might represent a simplified classification (14) . The cells are arranged in a pseudostratified pattern with all cells contacting the basement membrane but only some reaching the luminal surface. Moreover, the barrier formed by the tight junctions defines two distinct compartments, apical and basolateral. Many of the functions attributed to airway epithelia require a small volume of liquid at the apical surface acting to separate the cells from luminal gases. Furthermore, the barrier formed by the tight junctions separate the basolateral compartment from the apical compartment, which is lined by a thin layer of fluid and constitutes the air-liquid interface.
The study of biological processes in epithelial cells in vivo can be limited by both their residence within the lungs and, in some cases, their interactions with the environment, extracellular matrix, and other cell types. Cell culture methods allow a reduction in these confounding variables. We routinely use differentiated primary human airway epithelia cultures grown at the air-liquid interface (13) based on methods initially developed by Yamaya et al. (20) and Whitcutt et al. (18) . Under these conditions, cells develop tight junctions and a differentiation state similar to that reached in vivo, with ciliated, basal, and secretory cells. We also use primary airway cultures grown on plastic surfaces (1) submerged in nutrient media and transformed cell lines that can be grown both submerged and at the air-liquid interface, although they fail to represent all the airway cell types (10) .
Morphological analysis has suggested similarities between in vivo and differentiated primary human airway epithelia cultures grown at the air-liquid interface (13) . Here, we asked how closely the genome-wide expression profile of these cells matches the in vivo profile. We compare these conditions to the frequently used Calu-3 cell line grown at the air-liquid interface and to primary cultures of human airway epithelia grown on a plastic surface and submerged in nutrient media.
METHODS
Study population. For the in vivo airway epithelia samples, subjects were evaluated in the Weill Medical College of Cornell University National Institutes of Health General Clinical Research Center. After signing an informed consent, a Cornell University Institutional Review Board-approved protocol was followed to assess the clinical status of study subjects. Pure populations of in vivo airway epithelium were obtained from eight healthy individuals as previously described (11) . From each individual, both tracheal and bronchial brushings were obtained (n ϭ 16; Table 1 ). Differential cell counts in all samples were within expected values; therefore, all samples were included in subsequent steps of analysis. For the in vitro samples, human donor lungs were obtained from eight individuals without primary lung diseases whose lungs were determined to be unsuitable for organ transplantation. The University of Iowa Institutional Review Board approved the use of human tissues. Mean age of study subjects in years is 45.1 Ϯ 5.6 (95% confidence interval) for in vivo and 49.0 Ϯ 13.06 (95% confidence interval) for in vitro samples. There were no differences in age (P ϭ 0.65), sex (P ϭ 1.00), race (P ϭ 0.07), or smoker status (P ϭ 1.00) between the two groups.
Primary cultures of human airway epithelia. Primary cultures of human airway epithelia were grown at the air-liquid interface as described previously (13) . From each donor, tracheal and bronchial epithelial cells were cultured separately (n ϭ 16). Cells were used after 2 wk in culture, when complete differentiation is usually reached (21) and the transepithelial resistance is 700 -1,200 ⍀·cm 2 . Average (Ϯ SD) time in culture for cells included in this study was 27 Ϯ 10 days. Typical cell yield is 750,000 -800,000 per culture in a 0.6-cm 2 surface. Epithelia were maintained in DMEM/F-12 with 1% penicillin-streptomycin, 50 mg/ml gentamicin, and 2% Ultroser G (Pall BioSepra, Cergy, France) in a humidified incubator with 5% CO 2 at 37°C. Differential cell counts were performed as described in Ref. 17 on randomly chosen hematoxylin and eosin-stained sections of cultured cells.
Cultures of Calu-3 cells. Calu-3 cells [American Type Culture Collection (ATCC) cat. no. HTB-55] were prepared and grown at the air-liquid interface and maintained in the same nutrient media and conditions as described above for primary cultures of human airway epithelia.
Microarray hybridizations. Total RNA was extracted from all samples using TRIzol reagent (Invitrogen, Carlsbad, CA). Five micrograms of total RNA was processed using the Affymetrix GeneChip One-Cycle Target Labeling Kit (Affymetrix, Santa Clara, CA) following the manufacturer's protocols. Biotinylated cRNA was hybridized to a custom GeneChip Human Airway Array (HsAirway; Affymetrix). The HsAirway was composed of ϳ23,000 probe sets derived from sequencing of cDNA libraries prepared from human lung, primary airway epithelial cells, and human alveolar macrophages (16, 19) . The arrays were washed, stained, and scanned using the Affymetrix Fluidics Station 450 and Affymetrix GeneChip Scanner 3000. Global target intensity was set to 1,500. Prechip quality control criteria for samples were: clear 18S and 28S RNA bands with A260/280 ratio Ͼ 1.8, RNA integrity number (Agilent Bioanalyzer RIN) Ͼ 6, and cRNA amplification of Ͼ4-fold. Postchip quality control criteria required a visually defect-free chip image, scaling factor Յ 10, Ͼ40% present calls, 3=-5= ratio of the GAPDH gene Ͻ 3, and RNA degradation plot without significant degradation.
Data analysis. Samples that passed prechip and postchip quality control criteria were included in data analysis. Raw data .cel files were imported into Partek Genomics Suite v. 6.4 for computation of robust multiarray analysis (RMA) expression values (12) . The data were deposited in the Gene Expression Omnibus web site (http://www. ncbi.nlm.nih.gov/geo/) under GEO acc. no. GSE20502. Hierarchical clustering analysis was performed in GenePattern (http://www. broadinstitute.org/cancer/software/genepattern/) (15) . RMA values generated in Partek were used to generate a .gct format file. The .gct file was used as the input file for the "HierarchicalClustering" module in GenePattern with Pearson correlation used as distance measure and pairwise complete linkage as clustering method. The resulting output files were used in the "HierarchicalClusteringViewer" module of GenePattern, and a .txt sample information file was used to label each sample with sample category, donor number, and tissue site (bronchus or trachea) as necessary. The resulting file was edited in the GNU Image Manipulation Program (GIMP) v. 2.6 (http://www.gimp.org/) for further annotation.
ANOVA was performed in Partek Genomics Suite. Data in the resulting spreadsheet containing P values and log 2-transformed fold changes were used in Prism v. 5.0 for Macintosh to generate volcano plots. To perform gene ontology (GO) analysis, Partek Genomics Suite was used to generate a list containing probes that pass a threshold of false discovery rate of 0.01 (1%). Probes in this spreadsheet were ranked according to fold change from highest to lowest, generating two lists, one for genes with higher expression in vivo and one for genes with higher expression in vitro. The list was used in GOrilla (http://cbl-gorilla.cs.technion.ac.il/) (8, 9) to generate directed acyclic graphs of the GO terms enriched in the submitted gene list. The generated GO term lists were filtered to include only those with Ն5 genes enriched in the GO term.
RESULTS

Unsupervised hierarchical clustering of airway epithelial cells.
We obtained human in vivo airway epithelia from tracheal and bronchial brush biopsies (22) . This technique has the advantage of being minimally invasive, safe, and well-tolerated by healthy volunteers. The cells obtained by this method are predominantly epithelial cells (Table 1) . To compare the transcriptional profile of human in vivo airway epithelia from trachea and bronchus with differentiated primary human airway epithelia cultures, also from trachea and bronchus and grown at the air-liquid interface, we performed unsupervised hierarchical clustering. We also included the profile of Calu-3 cultures grown at the air-liquid interface and primary cultures submerged in nutrient media. We performed the clustering using Pearson dissimilarity as distance measure and complete linkage cluster analysis. Figure 1 shows that primary cultures grown at air-liquid interface cluster together with samples from in vivo airway epithelia. In contrast, samples from Calu-3 cells or primary submerged cultures are more dissimilar compared with in vivo airway epithelia.
The expression profile of tracheal and bronchial epithelia is similar both in vitro and in vivo. We asked whether the transcriptional profile of epithelia obtained from two distinct localizations in the airways (trachea or main bronchi) were different. We also investigated differentiated primary human Values are means Ϯ SE, n ϭ 16. Differential cell counts of primary cultures of human airway epithelia (in vitro) were performed as described in Ref. 17 and compared with airway epithelia in vivo. Fig. 1 . Unsupervised hierarchical clustering of airway epithelial cells. RNA was extracted from samples of Calu-3 cells (n ϭ 12; red box), in vitro airway epithelia submerged in nutrient media (n ϭ 6; yellow box), in vitro differentiated airway epithelia (n ϭ 16; blue box), and in vivo airway epithelia (n ϭ 16; green box). Biotinylated cRNA was synthesized following the manufacturer's protocol and then hybridized to a custom GeneChip Human Airway Array (HsAirway; Affymetrix). Normalized data were analyzed in GenePattern (http://www.broadinstitute.org/cancer/software/genepattern/) using the "HierarchicalClustering" module with Pearson correlation as distance measure and pairwise complete linkage as clustering method.
airway cultures obtained from donor lungs, cells from either the trachea or 1st to 3rd generation bronchi. In vivo ( Fig. 2A ) and in vitro (Fig. 2B ), tracheal and bronchial epithelia cultures were analyzed using a one-way ANOVA model. In both analyses, the volcano plots show similar transcriptional profiles. These data suggest that the transcriptional profile of tracheal and bronchial epithelia is similar and that this similarity is not explained by the culture conditions alone since we obtained comparable results in vivo.
Unsupervised hierarchical clustering of in vivo airway epithelia and in vitro differentiated airway epithelia. We hypothesized that interdonor variability in the transcriptional profile would result in grouping of samples based on donor in an unsupervised hierarchical clustering analysis of the samples. As a comparison, we contrasted the closeness of trachea and bronchus from the same donor. In vivo airway epithelia and in vitro differentiated airway epithelia were classified according to condition (in vitro or in vivo), tissue type (bronchus or trachea), and date of hybridization (to account for potential batch effects). We performed unsupervised hierarchical clustering using Pearson dissimilarity as distance measure and complete linkage cluster analysis. Contrary to our hypothesis, when we analyzed in vivo samples, three out of eight donor pairs (trachea-bronchus) did not cluster together (Fig. 3) .
Moreover, five out of eight pairs of in vitro donor bronchitrachea did not cluster together. This suggests that the similarity between the transcriptional profiles of airway epithelia from different donors is very high. The hierarchical clustering also shows some batch effects in the in vitro samples that are dependent on hybridization date. These data suggest that normal human airway epithelia have an exceptionally constant transcriptional profile that sometimes prevails above interdonor and environmental variability.
Differentially expressed genes between in vivo airway epithelia and in vitro differentiated airway epithelia. We speculated that the differences between the in vitro and in vivo conditions including available nutrients, different cell type composition, and exposure to the environment would result in differences in the transcriptional profile. In vivo airway epithelia and in vitro differentiated airway epithelia cultures were analyzed using a one-way ANOVA model. The volcano plot in Fig. 4A shows that 62 genes were expressed at lower levels and 391 genes at higher levels in vivo compared with in vitro when setting a threshold of Ͼ2-fold (log 2 ) change and a false discovery rate (FDR) Ͻ 1%. We then plotted a heat map (Fig.  4B ) comprising 56 genes that pass a threshold of Ͼ3-fold (log 2 ) change and an FDR Ͻ 1% in the ANOVA comparison. This relatively small number of differentially expressed genes suggested that functional differences might be discerned from these data.
GO analysis of differentially expressed genes between in vivo airway epithelia and in vitro differentiated airway epithelia.
GO is a collection of controlled terms describing the biology of a gene product in an organism. Analysis is based on the association of genes with GO terms related to selected functional processes, cell compartments, cell types, or userdefined categories. This facilitates interpretation of changes in a transcriptional profile in a biologically relevant context. GO analysis was performed using GOrilla (8, 9) as detailed in METHODS. Table 2 shows GO terms enriched in vivo, and Table 3 shows GO terms enriched in vitro. We found that in vivo epithelia had higher expression of genes related to cilia including multiple axonemal dynein (DNAH) genes bbs4, bbs5, alms, pkd1, ift172, lca5, and catsper2. This suggests that in vivo epithelia have more ciliated cells than differentiated primary airway epithelia cultures or that the expression levels of genes associated with cilia function and structure are upregulated in vivo (6, 7). Moreover, there were differences in Fig. 2 . One-way ANOVA comparing tissue from bronchus and trachea. Normalized microarray expression data from tracheal and bronchial samples of in vivo airway epithelia (A) and in vitro differentiated airway epithelia (B) were analyzed using 1-way ANOVA. Average probe fold change levels between bronchial and tracheal samples with their respective P values are displayed as volcano plots. FDR, false discovery rate. genes involved in immune processes including: ptprc; complement-related components such as c1qa, c1qb, c6, c5ar1, and cfp; and cfd, mnda, tlr5, ccl4, alox5ap, nfkbiz, cxcl6, and cx3cr1. These genes are highly expressed in macrophages (3, 4) , suggesting that as expected, the in vitro differentiated airway epithelia lack intraepithelial dendritic cells and macrophages. We also found that in vitro differentiated airway epithelia had higher expression of genes involved in metabolism and respiration such as ppargc1a, serpina3, acsl1, cav1, ppap2a, hsd17b2, g6pd, sdhd, far1, and multiple NADH dehydrogenase (ndufb) subcomplexes. These data suggest that either the nutrient media lacks or has too many of certain nutrients or growth factors. Finally, to our surprise, we found very few differences in genes related to ion transport, antimicrobial peptides (excluding lysozyme), surfactants, or cell adhesion molecules.
DISCUSSION
The study of airway epithelia relies on human studies, animal models, organotypic culture models, and cell lines. However, as with any other model, fidelity, reproducibility, and simplicity have to be balanced with biological relevance. Here, we show that primary cultures of human airway epithelia share striking similarities in gene expression patterns with in vivo airway epithelia and that those similarities rely on both culture of primary nonimmortalized cells and the presence of an air-liquid interface.
GO analysis reveals that the differences between in vitro and in vivo airway epithelia are related to a few pathways that may represent differences in cell composition (Table 1) . In particular, immune effector cells expected to be present in vivo and not in vitro resulted in marked differences in expression levels of genes related to inflammatory pathways. Similarly, a higher proportion of ciliated columnar cells in vivo might contribute to the increased expression levels of genes related to cilia in vivo. Of interest, mRNA of lysozyme, the first antimicrobial protein discovered in 1922, is highly expressed in human airway epithelia in vivo but is expressed at significantly lower levels in in vitro differentiated airway epithelia (5) . Finally, the expression levels of genes related to some pathways appeared similar in vivo and in vitro. These included cell adhesion molecules, antimicrobial peptides, ion transport proteins, surfactant proteins, and others.
We found that airway epithelia from trachea and bronchi had very similar expression profiles. Since donors of in vivo airway epithelia were all nonsmoking normal volunteers, we speculated that differences in genetics would result in differentially expressed genes. A recent study compared the transcriptional profile of in vivo airway epithelia with in vitro airway epithelia from a single donor (7) . Analysis of different donors for the in vitro airway epithelia in this study allowed us to compare the interdonor (samples from different donors) with intradonor variability (trachea vs. bronchus from the same donor). Moreover, the inclusion of Calu-3 cell lines and submerged airway epithelia allowed us to analyze interdonor differences in the context of more dramatic changes in genotype (Calu-3) and culture conditions (submerged airway epithelia). To our surprise, the transcriptional profiles failed to identify donors reproducibly. The localization of sample (tracheal vs. bronchial) and the donor seem to be of approximately equal importance as determinants of transcriptional profile variability. This suggests that in normal subjects, the airway epithelia are remarkably constant in their transcriptional profile. In this study, we speculated that genetic diversity within the in vitro airway epithelia group would best represent diversity within a population, but the high degree of similarity between samples suggests that using a small number of biological replicates to study the transcriptional profile of the airway is an acceptable approach. We predict that using the transcriptional profile to compare healthy subjects with subjects with disease should reliably identify differences between these two groups. However, as with any profiling study, caution must be exercised when using microarray analysis of tissue samples to study changes in transcriptional regulation in disease states. A change in the expression level of a gene or group of genes could represent either a change in regulation of a biological pathway or differences in cell type composition between the samples. We suggest an approach that could allow the detection of this bias in microarray analysis by generating GO terms for cell type-specific gene expression patterns. The overrepresentation of these terms in an analysis could alert the user toward cell type bias. This approach is already in partial implementation thanks to the availability of resources such as the Gene Expression Atlas and cell type-specific studies in organs such as the kidney (2) .
In summary, airway epithelial cells grown in primary cultures closely recapitulate the transcriptional profile of in vivo airway epithelia. Both the use of primary cells for culture and Data from 1-way ANOVA comparing expression data of in vivo airway epithelia were used to generate a list containing probes that pass a threshold of false discovery rate (FDR) of 0.01 (1%). Probes were ranked according to fold change from highest to lowest, generating 2 lists, 1 for genes with higher expression in vivo, and 1 for genes with higher expression in vitro. The lists were used in GOrilla for GO analysis, and the resulting GO term lists enriched in vivo (above) and in vitro (Table 3) are shown. Enrichment (N, B, n, b) is defined as follows: N, total number of genes; B, total number of genes associated with a specific GO term ("target set" and "background set"); n, number of genes in the target set; b, number of genes in the target set associated with a specific GO term; Enrichment ϭ (b/n)/(B/N).
the presence of an air-liquid interface play an important role in cell differentiation. These data also establish a baseline for comparing airway epithelia in health and disease.
